Abstract
Introduction
Visual tracking of objects and image features is a challenging task with many potential practical applications. Tracking an object through an image sequence typically involves following features detected in one image to their new position in the next. Recent work, however, has focused on tracking techniques that perform no direct manipulation of any features in the image plane. Instead, images are transformed and features are tracked by the parameters that describe them.
In this approach [1, 2] , features are tracked through the parameter space represented by a Hough accumulator array. The accumulator array is viewed as an approximation to the probabilistic Hough transform [3] , with each element providing an estimate of the probability that a line with parameters in a given range is present in the image. Peaks in the accumulator array are tracked, exploiting the natural strengths of the Hough transform to produce tracking techniques that are robust under both illumination changes and occlusion. Both of the previously reported techniques, however, are subject to distraction in the presence of clutter. This is essentially a feature of the unimodal tracking techniques applied to date, though the problem is heightened in the Houghbased approach as short collinear segments give the same response as an equal length connected line.
In what follows we combine Condensation tracking [4] , which has been shown to perform well in heavy clutter, with the Hough transform to produce a tracking technique that is efficient and robust under illumination changes, occlusion and distractions. Section 2 briefly reviews related work before details of the method are given in Section 3. Results are presented in Section 4 and conclusions drawn in section 5.
Related Work
The Hough transform has previously been used in motion estimation. The velocity Hough Transform [5] , for example, computes a Hough transform with additional dimensions capturing the motion of the features. As it uses a high dimensional parameter space and analyses the entire image sequence the method is computationally expensive. The combinatorial Hough Transform [6] has been applied to optic flow computation. The standard brightness constraint [7] is used to constrain the flow while the Hough transform estimates the most likely motion parameters. The aim of the work reported here is not, however, to use the Hough transform as a tool for tracking, but to track features through their parameters as represented by the Hough accumulator array. This has been previously explored using energy functions [1] and Kalman filtering [2] .
In [1] a joint probability function is used to represent the likelihood of a pair of points in the Hough space representing two parallel lines. This probability density function is maximised to track linked features. The method successfully tracks pairs of lines and rectangular objects, but only tracks from frame to frame without any sense of history and assumes that the relative orientation of the two lines is known.
In [2] , peak locations are the measurements that drive an extended Kalman filter which estimates the motion parameters of a set of lines. These lines can have any orientation, but are assumed to have the same motion model. Use of the Kalman filter enables a long term model to be built up which can be used for prediction. It also allows a more efficient computation of the Hough array. The Kalman filter estimates the next location of each line, along with the covariance of that estimate. This can be used to restrict the search for peaks in the Hough accumulator and, therefore, the computation of the accumulator. This mechanism proves to be both robust and reasonably efficient, but does suffer from distracting contours in the presence of clutter.
Implementation
The current implementation tracks straight lines through the traditional ρ,θ parameter space [8] . A gradient map is computed usimg the Sobel operator and an accumulator array constructed in the usual fashion. Tracking is initialised manually in the first frame, then proceeds automatically.
To track peaks in the Hough accumulator using Condensation, a number of particles or hypotheses are initialised. Each hypothesis provides an estimate of the lines' motion and parameters. These can be propagated to give an updated estimate in the next frame of a sequence.
As in [2] , each line is represented by its parameters, and , and the motion model assumes constant translation with velocity (u,v) and rotation with angular velocity , around a centre point (x,y) that moves with the object. Since Condensation does not depend on a particular class of models, the linear approximations used in [2] for the prediction are not required. In order to account for deviations from the model and noise processes, a random Gaussian element is added to each prediction. More formally, the model state at time t+1, S t1 is defined by Once the hypotheses have been propagated they must be evaluated. This requires that the relative likelihood of each hypothesis being correct be estimated. Following Stephens [3] , we treat the Hough accumulator values as scaled probabilities, so these may be used directly to provide an observation PDF to evaluate the predictions.
In the experiments that follow we use 1500 particles. The remaining Condensation parameters are chosen to match the expected motion, incorporating a small element of process noise.
Results
The proposed method has been applied to a number of real image sequences of varying complexity. Figures 1-3 summarise the results of applying the method to the square, bus and truck sequences employed in [2] . The sequence shown in Figure 1 was captured using a Philips PCA645 USB webcam at a frame rate of 10 fps and a resolution of 352 x 288 pixels. The sequences shown in Figures 2 and 3 are from the KOGS/IAKS image server at Universitat Karlsruhe [9] . In each case the left column shows tracked lines overlaid on selected image frames; the lines shown represent the highest probability sample after weighting with observation density. The right column shows the particle sample marked on an image of the Hough accumulator array. Although the tracking is not as accurate as that produced by the Kalman filter approach of [2] , the square board in Figure 1 is tracked successfully. The motion of the board is somewhat irregular, with pauses while the grip is changed, and there are perspective distortions as the square is rotated in depth. Note the often considerable occlusion of its edges by the hands and noticeable changes in illumination as the board is brought near the light source, which is close to the camera. The lower line drifts slightly away from the target in the middle frame of Figure 1 ; but Condensation is able to close the gap only six frames later.
The sequence presented in Figure 2 shows tracking of a bus turning a corner. Though there are several strong lines running along the bus, its shape and interlacing effects mean that there are no strong vertical lines in this sequence. This introduces a motion ambiguity, essentially an aperture problem: motion in the direction of the tracked lines is difficult to determine. Despite these problems the bus is successfully tracked over 50 frames. Figure 3 shows a truck being tracked as it moves along a tree-lined road. Here the right side of the truck is occluded by trees as distracting lines with similar orientation are introduced by road markings and other traffic [2] . Again the truck is tracked successfully. Figure 4 shows an example of the Kalman filter tracker of [2] applied to the square sequence. Here aligned edges on the patterned sofa in the background have created a significant peak in the Hough array that does not correspond to a significant world feature. This is the major drawback of using the Hough accumulator array to represent lines: short collinear segments give the same response as an equal length connected line. Distractions present a problem to all trackers, but the ability of the Hough transform to 'hallucinate' lines exacerbates the problem for Hough based trackers. Figure 5 shows the result of applying the Condensation tracker, with the same motion model and initialisation, to the sequence of Figure  4 . The black lines show the sample set. Note the additional cluster of samples around the distracting line. The Condensation tracker is able to track successfully through this and other distractions. 
Conclusions
Recent work has shown tracking groups of lines through the parameter space represented by a Hough accumulator array to be reasonably efficient and insensitive to both occlusion and changes in illumination. Previous methods have, however, been less robust in the presence of distractions. Distractions are a problem for all trackers, but the tendency of the Hough transform to falsely detect lines by producing the same response to a set of collinear short segments as to a single long line makes the problem worse for Hough-based tracking algorithms. By replacing Kalman filtering with Condensation this problem has been overcome.
A further potential difficulty with the approach is the computational cost associated with the Hough accumulator array. It was shown in [2] that the Kalman predictions reduce the computational load of the Hough transform for lines from O(n 3 ) to ≈ O(n). Replacing the Kalman filter with Condensation maintains the efficiency of the method. Only those accumulators populated by at least one particle need be evaluated. In the experiments reported here the proportion of accumulators needing evaluation was always less than 0.5%. The proposed tracking method is therefore efficient and robust under illumination changes, occlusion and distractions.
